The rhythmic locomotion of a creature is a self-excitation behavior of the CPG (central pattern generator), which makes it supremely adapted for environment. Based on this fact, firstly, a snake-like robot controller with cyclic inhibitory CPG model was designed, and then the stability of a single neuron, CPG model and the NON ( neuron oscillator network) was analyzed. By implementing this control architecture to a simulator based on the mechanical dynamics of a real snake-like robot named Perambulator-I, we presented preliminary rules for parameter setting of the CPG controller to modulate the number of S shapes, the curve of the body shape, locomotion velocity, and the curve of the locomotion trajectory for serpentine locomotion. Moreover, we demonstrated that Perambulator-I can successfully exhibit serpentine locomotion by using the output of the proposed CPG controller. The results of this paper provide a realistic approach for designing an artificial CPG controller.
Introduction
Snakes perform many kinds of locomotion that are adaptable to a given environment. The considerable elongation of their body and the particular mode of locomotion have allowed snakes to survive in diverse environments [1] . Some biologists have testified that the rhythmic locomotion of a snake is a self-excitation behavior of the low-level ganglia, which is controlled by CPGs (central pattern generators). CPGs are some biological neural networks that generate rhythmic movements for locomotion of animals, such as walking, running, swimming, and flying [2] . The rhythmic movement generated by CPG induces a coordination of physical parts.
In recent years, many researchers have applied such functions of CPG to locomotion control in animal-like robots. For example, H. Kimura et al. [3] have developed a quadruped walking robot capable of adapting to irregular terrain using a CPG model, which was proposed by K. Matsuoka [4] and was utilized for bipedal walking model by G. Taga [5] . O. Ekeberg [6] modeled the swimming locomotion of lamprey using physiologically acquired knowledge about its neural structure.
In snake-like robot, using the CPG controller for locomotion control has the following advantages: 1) reduction in the amount of calculation required for motion control as a result of the coordination of physical joints induced by rhythmic movements; 2) autonomous adaptation to unexpected environments. J. Conradt et al. [7] realized the traveling wave on a real snake-like robot by connecting CPGs in series. However, the dynamics of the neural model in [7] is not dealt with and relationships between neurons are only regulated using a rather simplified model. S. Ma's group [8] proposed the control architecture for the meandering locomotion of snake-like robots based on mutual inhibitory CPGs' network.
In this paper, we present a new type of controller to realize the serpentine locomotion of a snake-like robot named Perambulator-I based on the theory of cyclic inhibitory RESEARCH ARTICLE CPGs, and then analyze the stability of a single neuron, CPG model and CPG controller. By implementing this control architecture to a simulator, we present preliminary rules for parameter setting of the CPG controller for serpentine locomotion. Using the output of the proposed CPG controller, the snake-like robot successfully realized serpentine locomotion.
2 Dynamics of Perambulator-I Perambulator-І as shown in Fig.1 is the snake-like robot developed at Shenyang Institute of Automation. It is composed of a head and some serially connected links. Between every two links, a one-dimensional joint rotating on a vertical (yaw) axis is located. The parameters of the mechanical system of Perambulator-І are shown in Table 1 . In this paper, we consider Perambulator-І moving on a two-dimensional horizontal plane. The friction force between Perambulator-І and the environment is supposed to be large in the normal direction and small in the tangential direction. Commonly, this was realized by passive wheels. (1)
where, D is coefficient matrix, τ is torque, τ f is friction force, τ 0 is centrifugal and Coriolis force, 0 p is acceleration of the end of Perambulator-І, g is gravity, M is inertia matrix, M 0 is inertia matrix expressing influence of 0 p and g, and ϕ is angular acceleration of joints. f F is broad friction force matrix, 0 F is broad force matrix, 0 m is mass matrix, and j K is coefficient matrix of the angular acceleration.
As there is interaction between Perambulator-І and the environment, friction force is modeled by the following equations:
t, ,f t, t g sgn( )
n, ,f n, n g sgn( )
where, F t,i,f and F n,i,f are friction forces in the tangential and normal direction, respectively, μ t and μ n are friction coefficients, m i is mass of i-th link, g is gravity acceleration, σ t,i and σ n,i are small displacements in two directions.
Construction of CPG controller for Perambulator-I
In this section, we adopt CPGs based on the theory of cyclic inhibition to construct a CPG controller for Perambulator-І and analyze the corresponding stability. In this model, only nearest neighbor CPGs' corresponding neurons are connected in the head to tail direction.
Neuron model
As an example of an individual neuron, we adopt K. Matsuoka's neuron model [4] as shown in Fig. 2 . The dynamics of the neuron is described by the following equations: where, r,n T is a time constant of membrane potential, a,n T is the time constant of the adaptation effect, 0 u is an impulse 'rate' of the tonic, n β is the parameter that determines the steady-state firing rate for a constant input, u is a membrane potential of the neuron body, ν is the variable that represents the degree of adaptation in the neuron, and y is a firing 'rate' or output of the neuron.
As discussed in Reference [10], we set u 0 = 5 V, n β = 2.5, r,n T = 1, a,n T = 12, and the single neuron shows the following
